Introduction
Probiotics are microbial dietary supplements with beneficial effects to the host, e.g., humans and animals. The beneficial effects include enzymatic contribution to digestion, inhibition of pathogenic microorganisms, antimutagenic and anticarcinogenic activities, growthpromoting factors, increased immune response, and improved feed value (1) . Probiotics mostly include lactic acid bacteria (e.g., Lactobacillus and Bifidobacterium), the genus Bacillus, photosynthetic bacteria, and yeasts. Among the Bacillus species, B. licheniformis, a gram-positive, spore-forming soil bacterium closely related to Bacillus subtilis, has been used as a probiotic for alleviating enteritis and diarrhea and widely applied in various aspects of biotechnology, e.g., production of nanoparticles, enzymes, antibiotics, and biochemicals (2, 3) . Similar to B. subtilis, B. licheniformis undergoes two interesting morphological states: vegetative cells and endospores. Endospores is the preferred biomass form for probiotics, which can be resistant to extreme environments and stored at room temperature for many years (4) .
During the production of probiotic B. licheniformis-containing tablets (BCT), it is necessary to detect the viable cell number and spore count for quality control. Plate count assay (PCA) is the most commonly used method for evaluating cell viability (5). However, PCA does not take into account (a) colony formed by single cells or clumps, (b) "viable but non-culturable" (VBNC) cells of the microorganism populations, and (c) inherent selectivity under specific growth conditions (6, 7) . In addition to these limitations, forming countable colonies often requires several days of incubation for bacteria (6) . Recently, new viability assays have been developed for bacteria on the basis of respiratory activity, external membrane integrity, intracellular pH, and membrane potential, some of which have been validated directly on Bacillus spores (6) .
Among the assays directly on spores, flow cytometry (FCM) is a rapid method to acquire multiparametric data from thousands of individual cells within a sample (5) . FCM with fluorescence activated cell sorting allows for the isolation of cells with selected characteristics and enables rapid vitality assessments with high sensitivity at the single cell level, which have proven very useful in single cell analysis to study metabolic activity and membrane integrity (7) . FCM has been used to distinguish live and dead cells and estimate cell vitality and spore germination (5) (6) (7) .
Although the market of orally administered probiotic of B. licheniformis is ~3 billion renminbi in China, there is no standard method for counting the spore number of probiotic BCT in the Chinese Pharmacopoeia. Hence, it is very useful to develop a simple assay for the rapid detection of spores in probiotic tablets. In this study, we developed a simple FCM method for rapidly distinguishing live and dead cells and counting the number of endospores in the commercial batches of probiotic BCT from Jingxin Pharmaceutical Co. Ltd. and compared the accuracy with the traditional PCA method. To count the surviving vegetative cells or endospores, a 100 µL aliquot of each treated suspension was serially diluted with sterile 0.9% NaCl and plated in triplicate on nutrient agar. When the plates were incubated for 18 h at 37 o C, the colony count was determined and expressed as the average number of surviving vegetative cells or endospores. The number of colony forming units (CFU) per gram or milliliter of samples from commercial batches was determined, and the percentage of (surviving) vegetative cells or endospores was calculated using the average number of (surviving) vegetative cells or endospores divided by the total number of cells containing vegetative cells and endospores without heat treatment. All experiments were performed in triplicate.
Materials and Methods

Probiotic
Direct microscopic count of vegetative cells and endospores of B. licheniformis Vegetative cells or endospores from samples collected from all experiments were observed by crystalviolet staining and measured in a counting chamber under an optical microscope (ECLIPSE 50i; Nikon, Tokyo, Japan).
Flow cytometric analysis of physiological status The nucleic acid dyes SYBR green I (referred to hereafter as SYBR-I, purchased from Life Technologies, Carlsbad, CA, USA) and propidium iodide (referred to hereafter as PI, purchased from Sangon Biotech. Co. Ltd., Shanghai, China) were used in this study. The SYBR-I and PI commercial stock solutions corresponding to 10,000-fold and 100-fold, respectively, were diluted to the recommended concentration for staining. The 100-200 µL aliquots of samples taken from all experiments were immediately diluted (at least 1:1000, v/v so that there were ~10 6 cells/mL) with sterile 0.9% NaCl and stained with the fluorescent dyes in dark conditions for 20 min at room temperature. FCM measurements were obtained using an Accuri C6 cytometer (BD Biosciences, San Jose, CA,USA) equipped with an argon laser (488 nm). The flow rate was 20 µL/min in all experiments. Vegetative cells and endospores (~30,000) were gated by forward-scatter and sidescatter parameters. SYBR-I fluorescence or PI fluorescence was measured at 530 and 675 nm. All flow cytometric parameters were set up by the systems software BD Accuri T M C6 Software (BD Biosciences). Data from the flow cytometer were recorded, processed, and drawn as graphs with the software Flow Jo 7.6.1 that discriminates cell populations using a combination of all the recorded parameters.
Statistical analysis Data were presented as mean±SD of triplicate experiments. All variances were checked for normality and homogeneity. All statistical analyses were performed using the software program SPSS version 20 (SPSS Inc., Chicago, IL, USA).
Results and Discussion
Preparation of pure suspensions of vegetative cells and endospores as the controls The B. licheniformis samples taken from different culture times (0-31 h of cultivation) were observed and counted using the DMC method. The percentage of endospores was decreased from 50 to 0.2% during 0-8 h, increased from 0.2 to 40% during 8-27 h, and then decreased again from 27 to 31 h (Fig. 1) . The result suggested a spore germination phase during 0-7 and 27-31 h and spore formation phase during 8-27 h under our culture condition. Based on the result of spore percentage (Fig. 1), 7 h was the optimal culture time for preparing the pure suspensions of vegetative cells without spores because endospore-free suspensions of vegetative cells should be harvested prior to the appearance of endospores.
Probiotic BCT contain vegetative cells and endospores. To prepare a pure suspension of endospores, the heat treatment method (8) was used to kill vegetative cells in the stock solution. Under the suitable heat treatment, vegetative cells could be killed and endospores were still viable, so endospore suspensions of greater than 99% purity were yielded when examined using dilution plating techniques. To determine the suitable treatment time, pure suspensions of vegetative cells and stock solutions were heated at 100 o C. On heat treatment at 100 o C for more than 15 s, most vegetative cells (greater than 99% cells in a population) were killed in pure suspensions of vegetative cells (Fig. 2A) . However, surviving cells in stock solutions were maintained constant by heat treatment from 15 to 30 s (Fig.  2B) , suggesting that the live cells in the samples are endospores. Thus, endospore suspensions of greater than 99% purity could be yielded by 15 s of heat treatment at 100 o C.
Distinguishing vegetative cells and endospores by FCM To investigate the changes in the physiological state of B. licheniformis populations throughout batch production of probiotic tablets, single staining with SYBR-I or double staining with SYBR-I and PI were used for flow cytometric analysis. SYBR-I has a strong binding affinity for double-stranded DNA, but it also binds with single-stranded DNA and RNA with lower affinities (9) . SYBR-I staining was used to distinguish between vegetative cells and endospores. Since nucleic acids of endospores are not accessible to the nucleic acid fluorescence dye, whereas those of vegetative cells are efficiently stained (10), vegetative cells indicated high fluorescence and endospores showed very low fluorescence. Sample of the pure suspension of vegetative cells was used as the control. Based on flow cytometric analysis, the pure suspension of vegetative cells was also greater than 99% purity (Fig. 3A) . FCM result showed that 59.2% of cells in the stock solution were endospores and 36.8% of cells were vegetative cells (Fig. 3B) . Sample at exponential phase (4 h of cultivation) contains 89.0% of vegetative cells and 7.9% of endospores. All data determined by FCM were similar with the above data obtained using the DMC method dilution plating methods, indicating that SYBR-I staining could distinguish between vegetative cells and endospores in probiotic BCT.
Distinguishing live and dead cells by FCM Both SYBR-I and PI bind to DNA that are able to distinguish between live and dead cells (11), but PI cannot cross an intact cytoplasmic membrane (12) . PI only stains the cells with broken cytoplasmic membranes. Regions corresponding to dead cells could be defined by PI staining using flow cytometric analysis. Stock solutions were stained with a mixture of SYBR-I and PI (Fig. 4A) or SYBR-I alone (Fig. 4B) . The percentage and CFU of vegetative cells and endospores were almost same using SYBR-I and PI or SYBR-I alone, and the percentage of dead cells was very low (<1%). Steady-state cells of B. licheniformis containing live and dead cells were also stained with a mixture of SYBR-I and PI (Fig.  4C) or SYBR-I alone (Fig. 4D) . Compared with SYBR-I staining, a region of dead cells from a steady-state sample of B. licheniformis was found using double staining of SYBR-I and PI ( Fig. 4C and 4D) . Although PI staining could detect dead cells, our simplified FCM method used SYBR-I staining alone and not double staining of SYBR-I and PI because most cells in probiotic BCT are live cells (>99% of the population).
Analysis of probiotic tablets using the FCM method and PCA To validate the accuracy of our developed FCM method, we compared this FCM method with traditional PCA. Samples of five commercial batches of orally administrated probiotic BCT were analyzed in terms of the number of total viable cells, vegetative cells, and endospores by these two methods. Using PCA for counting the number of endospores, the samples were heated at 100 o C to kill vegetative cells and medium was plated for spore germination. The number of vegetative cells counted by PCA was higher than that counted by FCM, but the number of endospores counted by PCA was lower than that counted by FCM ( Table 1 ). The percentage of endospores by PCA was ~10% lower than that by FCM. It may be attributed that heat treatment before PCA killed some endospores with no high temperature resistance. Hence, compared with PCA for determining the number of vegetative cells and endospores, our FCM method could be more reliable for the production of probiotic tablets.
Although PCA is the most commonly used method for evaluating the number of vegetative cells and endospores (5), PCA cannot distinguish the colonies formed by single cells or clumps and determine VBNC cells from microbial populations (6) . In addition, PCA often requires several days of incubation to form the countable colonies (6) . Another traditional method, DMC, cannot differentiate live cells from dead cells. However, our FCM method could overcome the limitations of PCA and DMC. When the samples were only stained with SYBR-I in dark conditions for 20 min at room temperature, they could be directly detected by FCM. FCM has obvious advantages when analyzing large numbers of samples. Advantages of the FCM method over conventional methods include lower labor work, shorter detection time, and higher accuracy. Therefore, this simple FCM method can be potentially applied for monitoring quality control during the production of probiotic BCT on the industrial scale. 
